A rapid, simple and accurate method for the simultaneous determination of residues of the imidazolinone herbicides (imazapyr, imazaquin, imazamethabenz and imazamethabenz-methyl) in soil is described. The basis of the method is the formation of a supernatant by sonication of the soil with 0.1 M KCl. After removal from the soil particles, the pesticides are quantified by reversed-phase liquid chromatography-mass spectrometry with an electrospray interface (LC-ESI-MS). Recoveries from a variety of soil types, fortified over the range of 50 -200 ppb, are essentially quantitative for each imidazolinone and the detection limits (signal-to-noise ratio = 3) of the method are always lower than 14 ng/g.
Introduction
A certain pro p o rtion of all pesticides used in agri c u l t u re reaches the soil. Even when the pesticides are applied to plant foliage, the soil acts as a major reservoir and site of potential degradation. It is known that when some pesticides, or their degra d ation pro d u c t s , enter the soil they become bound to the organic matter or clay mineral soil [1] . Because of the difficulties involved in extraction and identification, it has generally only been possible to demonstrate the presence of these soil-bound residues using ra d i o l abeled pesticides [2] .
Since pesticides are toxic by nat u re, t h e re is a nat u ra l concern about the impact of their presence in the environment on human health and environmental quality. Moreover, it is well known that several pesticides used for agricultural purposes are associated with surface and groundwater contamination [3] . Therefore, it is important to be able to predict the fate of pesticide residues in the environment, and optimization of their extraction is a key step towards this goal.
The imidazolinones are a significant new class of lowuse-rate herbicides for the protection of a wide variety of agri c u l t u ral commodities [4] . Th ey we re discove red and introduced by American Cyanamid. As shown in figure 1 , the members of this class of herbicides have similar struct u ral fe at u res centered around the imidazolinone ring and attached aromatic system bearing a carboxylic acid moiety [5] . In general the imidazolinones are highly active against annual and perennial grasses and broad-leaved weeds when applied either pre-or postemergence.
Current analytical methodologies for the determination of imidazolinones in soil are targeted at individual members of the group and are usually very tedious [6] [7] [8] . Furthermore, because of their low application dosage, the monitoring of imidazolinone residues in soil has to be performed at the ppb level.
The present paper describes a simple and effective procedure for extracting from soil the entire class of imidazolinones. When combined with liquid chromatography-electros p ray mass spectro m e t ry the pro c e d u re allows even ve ry small quantities of analytes to be determined.
The procedure is reliable enough to used as a routine analytical method.
Experimental

Reagents
Authentic imidazolinone herbicides we re purchased fro m L ab S e rvice (Bolog n a , I t a ly). Individual standard solutions were prepared by dissolving 100 mg/L of each analyte in water. The resulting solutions were then further diluted to obtain two 10 mg/L and 5 mg/L working standard solutions, respectively. All standard solutions were stored at 4 °C prior to use.
For LC, distilled water was further purified by passing it through the Milli-Q Plus apparatus (Millipore, Bedford, MA, USA). Gradient grade acetonitrile "plus" was obtained from Carlo Erba (Milan, Italy). Potassium chloride, sodium chloride, formic acid and other solvents, used as supplied, were of analytical grade (Carlo Erba).
Apparatus
For extraction purposes a T 490 model Transonic sonicator (Bracco, Rome, Italy) and a vacuum filtering apparatus from M i l l i p o re (Bedfo rd, M A , USA) equipped with 0.45 µm nylon filter membranes (Alltech, Milan, Italy) were used.
Soil fortification
The soils tested were taken from five different Italian sites. They were selected on the basis of several physico-chemical para m e t e rs (Tab. I). Soil samples we re collected at a depth of 15 -30 cm layer in the soil profile and passed through a 2 mm sieve. The samples were kept at 4 °C prior to use.
Fortified samples were provided by spiking 5 g of dried soil with a known volume of working standard solution to obtain levels of 50, 100 and 200 ng/g. The soil was then homogenized by shaking for 30 min and the bulk of the solvent was evaporated in a ventilated oven at 40 °C until the material appeared dry.
Unspiked soils were used as controls.
Extraction procedure
A 20 mL aliquot of potassium chloride 0.1 M was added to the soil samples and the mixture shaken for 10 min in a mechanical shaker. Subsequently the solvent/soil suspension was sonicated for 15 min and then centrifuged at 2000 g for 10 min. The entire pro c e d u re was rep e ated twice on the same soil sample. Lastly, the extracts were combined and vacuum filtered. 20 µL of the final extract were injected into the LC column.
LC-ESI-MS analysis
LC was carried out using a Perkin-Elmer series 200 binary pump (Perkin-Elmer, Norwalk, CT, USA) equipped with a Rheodyne 7125 injector with a 20 µL loop and a Perkin-
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Original articles o n s p ray interfa c e (Sciex, Thornton, Canada). The mass spectrometer was operated in positive ion mode by applying a voltage of 5000 V to the capillary. The orifice plate was set at 90 V and the interface temperature at 62 °C. Mass spectra were acquired in time-scheduled selected ion monitoring (SIM) mode. For recovery studies the concentrations of the analytes were calculated by measuring peak areas from extracted-ion current (XIC) profiles and comparing them with those obtained from standard solutions [9] . For any given analyte, the selected XIC was that obtained from the most abundant ion. Peak a rea ratio for selected ions was determined using the PE Sciex package MacQuan 1.3.
Results and discussion
Preliminary experiments
The development of a new extraction method entails investigating the effect of single factors on the analytical procedure. In our case, the optimal conditions for obtaining maximum recovery were determined by carrying out a series of p re l i m i n a ry ex p e riments. Fi rs t , an ex t racting solution wa s identified that was effective for different soils ranging from sandy loam which, with its high sand content generally does not give rise to significant interactions, to clay and clay loam in which high pesticide adsorption can instead be found. At the same time the stability of the individual analytes was tested in the various extracting solutions exposed to ultrasounds. All four imidazolinones were found to be stable in neutral medium while in acidic medium (pH < 5) and especially in alkaline medium (pH > 8) imazamethabenz-methyl was found to undergo rapid hydrolysis. These results thus influenced the choice of extracting solution by restricting the field of investigation to neutral solutions. Tests were subsequently run on the effects due to the volume of the extracting solution and to sonication time on herbicide recovery. The best results were obtained with a soil-solution ratio of 1:4 with a sonication step of 15 min. In order to obtain rep e at able quantitat ive yields two ex t raction cy cles we re necessary, especially for the soil CO which, in agreement with literature data [7, 10] , displayed higher analyte adsorption due to the higher clay and organic substance content and its lower pH.
The supernatant was removed from the soil/solution suspension after ultrasonic treatment by means of centrifuging fo l l owed by vacuum fi l t e ri n g. This pro c e d u re rap i d ly afforded a clear final extract that needed no further clean-up and that could be injected directly into the chromatography column. Centrifuging alone does not in fact always guarantee removal of all the fine clay particles, while filtering the suspension is complicated by the blocking of the pores of the filtering membrane. This prolongs the total analysis time, increases the cost and significantly impairs recovery.
The results of the preliminary experiments carried out as d e s c ribed ab ove, using diffe rent ex t racting solutions, a re s h own in table II. The results show that ex t raction with methanol/water solution 80:20 (v/v) is more effective than extraction with water or with methanol/water 50:50 (v/v) in the case of imazapyr. Conversely, for the other three analytes, and in particular for imazamethabenz-methyl, recoveries are found to decrease with increasing methanol content in the mixture. One plausible explanation of this trend is that imazapyr is more soluble in methanol than in more polar solvents [8] compared with the other imidazolinones.
An evaluation was made also of extraction using organic s o l vents such as pure methanol and acetone (unpubl i s h e d results) although the recoveries proved to be largely unsatisfactory.
Sodium chloride solution 0.1 M proved to have a good ex t ra c t ive power for all the analy t e s , although the best results we re obtained using potassium ch l o ride 0.1 M (Tab. III) as extracting solution. The final test performed was to vary KCl concentration from 0.1 to 1 M although no significant variation in recovery was observed.
Optimal conditions
Optimal conditions for maximum pesticide recovery proved to be: extracting solution KCl 0.1 M, soil/solution ratio of 1:4, two extraction cycles in each of which the sonication step lasted 15 min.
The recoveries and relative standard deviations of the imidazolinones added to the soil samples at different concentrations are shown in table III. As can be seen, the composition of the five soil samples analysed and the fortification levels used (50, 100, 200 ng/g) had no apparent effect on the experimental results, which is extremely encouraging for the applicability of the proposed extraction method.
Also the repeatability of the procedure is good, the relative standard deviation (RSD) is less than 10% (Tab. III) for all analytes.
LC-ESI-MS conditions
Using LC-ESI-MS each imidazolinone essentially generated only one M+H + ion.
In a previous paper [11] we described both the effect on signal strength of the variation in proton concentration in the LC mobile phases, together with the effect of varying the orifice plate (OR) voltage on signal strength and on the production of ion fragments. The results show that maximum fragmentation spectra and signal repeatability are achieved when both the LC mobile phases contain HCOOH at a concentration of 100 mM. As far as specificity is concerned, abundant M+H + f rag m e n t ation of the analyte ions is obtained by varying the OR voltage between 90 and 110 V. OR = 90 V was selected as operating condition.
The conditions of the time scheduled SIM for monitoring the four imidazolinones are shown in table IV. Figure 2 contains a time scheduled SIM chromatogram and XIC profiles of the final extract referring to a soil sample spiked with the herbicides at a level of 50 ng/g. As can be seen, despite the complexity of the matrix, the sensitivity obtained via time scheduled SIM acquisition is particularly high [9] . The limits of detection (LODs) calculated using a signal-to-noise ratio of 3 (the ratio of the peak intensity and the intensity of the noise was used) are shown in table V. These limits of detection are considered adequate for the subsequent use of this method for environmental analysis.
